Abstract. In the framework of ab initio dynamical mean field theory for realistic electronic structure calculations a new perturbation scheme which combine the T -matrix and fluctuating exchange approximations has been proposed. This method is less computationally expensive than numerically exact quantum Monte Carlo technics and give an adequate description of the electronic structure and exchange interactions for magnetic metals. We discuss a simple expression for the exchange interactions corresponding to the neglecting of the vertex corrections which becomes exact for the spin-wave stiffness in the local approximation. Electronic structure, correlation effects and exchange interactions for ferromagnetic nickel have been discussed. PACS. 71.10.-w Theories and models of many-electron systems -71.15.-m Methods of electronic structure calculations
Introduction
Electronic structure and magnetic properties of iron-group metals are a subject of great interest for a very long period (for review of early theories see [1, 2, 3] ). Density functional (DF) theory in the form of local spin density approximation (LSDA) or generalized gradient approximation (GGA), which is the base of modern microscopic theory of solids, is faced with a series of difficulties when describing the photoemission, thermoemission and other spectra of Fe and Ni as well as their finite-temperature magnetic properties (see [4, 5, 6, 7, 8] and Refs. therein).
The electron correlation effects should be taken into account to solve these problems. There were a lot of attempts to include these effects in band structure calculations of transition metals [9, 10, 11, 12, 13, 14] . Probably the most accurate and successful approach is the use of the dynamical mean-filed theory (DMFT, [15, 16] ) with the solution of effective impurity problem by numerically exact QMC methods; it has been applied to the magnetism of transition metals in Refs. [17, 8] . Unfortunately, this approach is very cumbersome and expensive computationally; besides that, the QMC method deals with the "truncated" twoindices interaction matrix instead of the complete fourindices one (see [17] ). Alternatively, a scheme has been proposed in Ref. [7] basing on a multiband spin-polarized generalization of the "fluctuating exchange" (FLEX) approximation by Bickers and Scalapino [18] . Original formulation of the FLEX approximation treats in the equal way both particle-hole (PH) and particle-particle (PP) channels. However, their roles in magnetism are completely different: the interaction of electrons with spin fluctuations in PH channel leads to the most relevant correlation effects [3] whereas PP processes are important for the renormalizations of the effective interactions in spirit of T -matrix approach ("ladder approximation") by Galitskii [19] and Kanamori [20] . Therefore we used in Ref. [7] a "two-step" procedure when, at first, bare matrix vertex is replaced by T -matrix, and, secondly, PH channel processes with this effective interaction are taken into account explicitly.
Note that the first attempt to combine the T -matrix and particle-hole correlations in relation with the problem of among correlated electrons as it will be described below, and the Coulomb matrix elements are defined in the standard way
where we define for briefness λ 1 ≡ 1 etc. Following Ref.
[19] we take into account the ladder (T -matrix) renormalization of the effective interaction:
where ω = (2n + 1)πT are the Matsubara frequencies for
Further we rewrite the perturbation theory in terms of this effective interaction matrix.
At first, we take into account the "Hartree" and "Fock" diagrams with the replacement of the bare interaction by the T -matrix
contains exactly all the secondorder contributions as it can be easily seen from the corresponding Feynman diagrams. Now we have to consider the contribution of particle-hole excitations to the selfenergy. Similar to [7] we will replace in the corresponding diagrams the bare interaction by the static limit of the Tmatrix (as it was already mentioned, it can be justified by the explicit calculation of the electron and magnon Green functions of a ferromagnet, at least, for spin-wave temperature region [23, 22] ). We improve the approximation [7] by taking into account the T -matrix spin dependence.
When considering the particle-hole channel we replace in 
Then the interaction Hamiltonian can be rewritten in the following matrix form
where * means the matrix multiplication with respect to the pairs of orbital indices, e.g.
and the effective interactions have the following form:
To calculate the particle-hole (P-H) contribution to the electron self-energy we first have to write the expressions for the generalized susceptibilities, both transverse χ ⊥ and longitudinal χ . The corresponding expressions are the same as in Ref. [7] but with another definition of the interaction vertices. One has
where
is an "empty loop" susceptibility and Γ (iω) is its Fourier transform, τ is the imaginary time. The corresponding longitudinal susceptibility matrix has a more complicated form:
and the matrix of bare longitudinal susceptibility is Now we can write the particle-hole contribution to the self-energy. Similar to Ref. [7] one has
with the P-H fluctuation potential matrix:
where the spin-dependent effective potentials are defined as
where χ , χ 0 differ from χ , χ 0 by the replacement of Γ ↑↑ ⇔ Γ ↓↓ in Eq. (11) . We have subtracted the second-order contributions since they have already been taken into account in Eq.(4).
Our final expression for the self energy is
This formulation takes into account accurately spin-polaron effects because of the interaction with magnetic fluctuations [22, 26] , the energy dependence of T -matrix which is important for describing the satellite effects in Ni [9] , contains exact second-order terms in v and is rigorous (because of the first term) for almost filled or almost empty bands.
The FLEX approximation can be used in principle directly to the crystal problem taking into account the momentum dependence of the self-energy, which would lead to very cumbersome calculations. To overcome this computational problem, we use as in Ref. 
It describes the spin, orbital, energy and temperature dependent interactions of particular magnetic 3d-atom with the rest of the crystal and is used to compute the local Greens function matrix:
(Z is the partition function) and the impurity self energy
The Weiss field function G is required to obey the self consistency condition, which restores translational invariance to the impurity model description: In spirit of the DMFT approach we have to use the Weiss function G σ instead of G σ in all the expressions when calculating the self-energy on a given site. Similar to the one-band DMFT-perturbation scheme [27, 21] we keep the static mean-field term in the bath Green functions:
Electronic structure of nickel
We have started from the non spin-polarized LDA or spinpolarized LSDA band structure of nickel within the TB-LMTO method [28] [29, 13] lead to unreasonably large value of order of 5-6 eV in comparison with experimental values of the U -parameter in the range of 1-2 eV for iron [13] .
Semiempirical analysis of the appropriate interaction value [30] gives U ≃ 3 eV. It is shown in Refs. [7, 8] that an adequate description of a broad circle of the properties of [24] .
Note that the value of intra-atomic (Hund) exchange interaction J is not sensitive to the screening and approximately equals 1 eV in different estimations [29] ; further we have chosen J = 1 eV. For the most important parameter U , which defines the bare vertex matrix (Eq. (2) (Fig.1) . The local magnetic moment on nickel atom is not very sensitive to the U-values and is equal to 0.56 µ B for U=2 eV LDA+SPTF and 0.58 µ B for U=3 eV LSDA+SPTF calculations.
Another important correlation effect is an essential reduction of the spin polarization near the Fermi level in comparison with the LSDA calculations. This is connected with the spin-polaron effects because of the mixing of the spin-up and spin-down states [26] . They are taken into account in our scheme due to presence of the off-diagonal terms in the effective potential Eq.(13).
Exchange interactions in nickel
Calculating the variation of the thermodynamic potential with respect to small spin rotations with the use of the "local force theorem" an effective exchange interaction parameters can be found in the following form [17] 
Correspondingly, the magnon dispersion relation ω q for a ferromagnet is defined by the formula
where M is the magnetic moment per unit cell, J(q) is the Fourier transform of the exchange integrals defined by Eq. (19) . The expression for the stiffness tensor D αβ ,
reads
These results generalize the LSDA expressions of Ref. [36] to the case of correlated systems. One can show (see Appendix) that they can be derived using a standard diagram approach under two assumptions: (i) the locality of the self-energy Σ (which is fulfilled in the DMFT) and
(ii) the neglecting of the vertex corrections. The expression (22) for the stiffness constant turns out to be exact in the framework of the DMFT. 
Appendix: Exchange interactions and vertex corrections
In order to elucidate the approximation behind the expression for the exchange parameters (Eq. 19), we consider the energy of a spiral magnetic configuration with the rigid rotation of the spinor-electron operators on site i by the polar angles θ i and ϕ i :
assuming that θ i = const and ϕ i = qR i where R i is the site lattice vector. Since we take into account only on-site 
Consider further the case of small θ, we can calculate the variation of the total energy to lowest order in θ which corresponds to the first order in δ 1 H and the second order in δ 2 H:
where n k = T r Lσ c 
. We conclude that the expression for J ij is accurate if the vertex corrections can be neglected. Note that the limit of small q this neglecting can be justified rigorously, provided that the self-energy and three-leg scalar vertex are local. This can be proven, e.g., using the WardTakahashi identities [38] . Therefore, the expression for the stiffness constant of the ferromagnet (Eq. (22)) appears to be exact in the framework of DMFT [39] .
